INTRODUCTION
been detected (Heddema et al., 2006; Magnino et al., 2009; Dickx et al., 2010) .
Transmission of C. psittaci occurs mainly through the respiratory tract. In pigeons, parents can pass the pathogen to their young during regurgitation feeding. Chlamydiosis in pigeons is usually a chronic disease, and the most frequent symptoms are conjunctivitis, blepharitis affecting one eye, rhinitis, and decreased racing performance. The survivors can be asymptomatic carriers that continue to transmit the bacterium for long periods of time, which poses a significant risk of epizootic infections. Chlamydia is shed intermittently through feces or nasal discharges, and this process can be induced by stressors (breeding and egg laying, competition flights, exhibitions, transport) or immunosuppression. Infections caused by the pigeon circovirus (PiCV) are very common in domestic pigeons (Stenzel et al., 2012; Stenzel and Pestka, 2014) . Pigeon circoviruses can decrease immunity and increase the birds' susceptibility to superinfections caused by other bacteria or viruses (Raue et al., 2005; Stenzel et al., 2012) .
Chlamydiosis is also a zoonotic disease. It is transmitted from birds to humans through close contact with infected captive or free living birds (Saito et al., 2005; Smith et al., 2005; Heddema et al., 2006; Harkinezhad et al., 2009; Dickx et al., 2010) .
The objective of this study was to evaluate the prevalence of C. psittaci in Polish domestic and feral pigeon populations in view of its correlation with immunosuppressive PiCV infections in pigeons and to determine the genetic characteristics of Chlamydia psittaci isolates from Poland.
MATERIALS AND METHODS
This study was conducted upon the approval of the local ethics committee (decision no. 71/2008).
Samples
The experimental material was collected in 2010 to 2013 from domesticated and feral pigeons from different regions of Poland. The birds were divided into 3 groups: carrier pigeons, ornamental pigeons, and feral pigeons. Individual birds were allocated to the appropriate subcategories based on their health condition. Pigeons not exhibiting clinical symptoms at the time of the study were marked with the symbol H, whereas pigeons displaying one or more of following the symptoms: poor racing results, loss of constitution, respiratory and nervous symptoms, watery droppings, cornea clouding, and limping, were marked with the letter S. The information about the number of birds allocated to each category is given in Table 2 .
The sampled material consisted of cloacal and pharyngeal swabs collected from each pigeon with the use of the UTM-RT Mini swab system (Copan Diagnostic, Murrieta, CA). If deaths occurred, 0.2-g sections of the liver were sampled during postmortem examination.
DNA Extraction
The DNA was extracted by the magnetic method using the Janus automated workstation (Perkin Elmer, Waltham, MA) and the NucleoMag Tissue Kit (Macherey-Nagel, Düren, Germany) in accordance with the manufacturer's instructions. Eluted DNA concentrations were measured in the NanoDrop 2000 (Thermo Scientific, Waltham, MA) spectrophotometer and stored at −80°C until further analysis.
TaqMan Real-Time PCR Screening for C. psittaci Screening for Chlamydia psittaci was performed by TaqMan real-time PCR that amplified the ~74 bp region on the C. psittaci inclusion membrane protein A (IncA) gene (Ménard et al., 2006) . The reaction was carried out with the use of TaqMan Fast Universal PCR MasterMix (Life Technologies, Carlsbad, CA) in the MX 3005P thermocycler (Stratagene, Santa Clara, CA).
Amplification of the OmpA Gene Fragment by PCR
All samples that produced positive results in TaqMan real-time PCR were used in the amplification of the OmpA gene fragment by the nested PCR method developed by Heddema et al. (2006) and modified by the authors. The modification involved the introduction of Touchdown PCR into the first reaction. Touchdown PCR was performed using the HotStarTaq Plus Master Mix (Qiagen, Hilden, Germany) in a vapo.protect thermocycler (Eppendorf, Hamburg, Germany) under the following conditions: initial denaturation at 95°C for 5 min followed by 15 denaturation cycles at 95°C for 1 min, annealing temperature reduced by 1°C (from 62 to 47°C) in every cycle, chain elongation at 72°C for 2 min. The annealing temperature for the final 25 cycles was 52°C with denaturation and extension phases as above and final elongation after the last cycle at 72°C for 10 min.
PCR Screening for the PiCV
All samples were screened for the presence of PiCV genetic material according to the protocol described by Freick et al. (2008) .
Eight microliters of amplification products was electrophoresed on 2% agarose gel in the presence of ethidium bromide, at 120 V for 90 min. Electrophoresis results were read using the GelDoc XR+ gel imaging system (Bio-Rad, Hercules, CA).
Sequencing, Phylogenetic Analysis, and Genotyping
All of the amplified OmpA gene fragments were purified with the Clean-Up kit (A&A Biotechnology, Gdynia, Poland) and dispatched for sequencing. Nucleotide sequencing was performed by Genomed S.A. (Poland) with the use of the BigDye Terminator v3.1 kit (Applied Biosystems, Foster City, CA) and the 3730xl (Applied Biosystems) genetic analyzer. The resulting sequences were aligned in the Lasergene v 8.1.5 application (DNASTAR, Madison, WI). The sequences were compared with 6 reference sequences of the C. psittaci OmpA genotype (A-F), strain 6BC (AY762608-AY762612, CHTMOMPXA, and X56980) and the C. caviae strain (AF269282) listed in the GenBank database, using the Clustal W method and Mega 5.2 software (Tamura et al., 2011) . The phylogenetic tree was generated by the distance-based neighbor-joining method in Mega 5 software. Bootstrap values were calculated for 1,000 replicates of the alignment. The nucleotide identity matrix was created with BioEdit v. 7.0.0 software (Hall, 1999) .
Accession Numbers
Sequences of Polish C. psittaci isolates were submitted to the GenBank database to generate accession numbers (KJ205581-KJ205597).
Statistical Analysis
The differences in prevalence were determined by Pearson's chi-squared test with Yates' correction using Statistica PL software version 10.0 (Stanisz, 2006; Rabej, 2012 ). The differences were regarded as significant at P ≤ 0.05 and as highly significant at P ≤ 0.01.
RESULTS

Prevalence of C. psittaci
The samples positive for C. psittaci are characterized in Table 1 . Genetic material of C. psittaci was detected in 21 domestic pigeons representing 7.6% of the examined population (Table 2 ). The prevalence of C. psittaci in ornamental pigeons reached 10.2%, and it was nearly twice as high as in carrier pigeons. The infection prevalence in feral pigeons amounted to 3.9%, and it was lower than in both types of domestic pigeons. The observed differences were not statistically significant. No significant differences in the prevalence of C. psittaci were reported between healthy and sick pigeons.
Correlation Between the Prevalence of C. psittaci and PiCV Infections
The genetic material of C. psittaci was found in 3.8% of PiCV-positive carrier pigeons, 9.4% of PiCV-positive ornamental pigeons, and in 3.0% of PiCV-positive feral pigeons (Table 3 ). The incidence of Chlamydia psittaci was higher (P = 0.00) in ornamental pigeons coinfected with PiCV than in birds noninfected with this virus. The differences in carrier and feral pigeons were not statistically significant, but the prevalence of C. psittaci was 2 to 3 times higher in pigeons coinfected with PiCV (P < 0.5 and P < 0.7, respectively) than in birds noninfected with the virus. A similar trend (P < 0.4) was observed in all examined groups of pigeons regardless of their health status, but it was more pronounced in groups of sick pigeons where C. psittaci was found only in birds coinfected with PiCV.
Amplification of OmpA Gene Fragments and Genotyping
Twenty-one of the 25 analyzed samples tested positive for a relatively large product (~1,020 bp) in nested touchdown PCR, and 17 samples were successfully sequenced. All sequences were aligned with reference sequences, and a dendrogram was drawn ( Figure 1A ). As shown in Figure 1A , most sequences were identified as belonging to genotype B due to close similarity with the B genotype reference strain, whereas only 2 sequences (PL_D_171 and PL_D_197) were identified as belonging to genotype E. The dendrogram of sequences from this study indicates that Polish C. psittaci strains form 2 main clades that correspond to genotypes B and E, respectively. Strains located in the larger clade (genotype B) form a large subclade consisting of 10 almost identical sequences with 2 sequences (PL_D_30 and PL_D_270) forming 2 divergent lineages, whereas the second subclade consists of 3 identical sequences ( Figure 1B) .
Most of genotype B strains revealed 99.9 to 100% homology with reference strain B, whereas 2 E genotype strains displayed 96.6 to 99.8% homology with the E genotype reference strain. The variation between Polish strains was very low, and the average nucleotide similarity index was 99.4% (Figure 2 ).
DISCUSSION
The epizoology and molecular biology of C. psittaci should be described in detail because of the pathogen's wide distribution and high zoonotic potential. The prevalence of the analyzed bacterium in Polish domestic pigeons was determined at 7.6%, and it is similar to that reported in Belgium (6.3%) by Dickx et al. (2010) . The prevalence of C. psittaci in Polish feral pigeons reached 3.9%, which is comparable with the European average of 5.7% (Prukner-Radovcić et al., 2005; Heddema et al., 2006; Dickx et al., 2010; Sachse et al., 2012) .
The shedding of C. psittaci may be induced by stressors such as the onset of the breeding season. A study of feral pigeons in Amsterdam revealed that shedding of C. psittaci with feces was 100% higher during breeding than during the quiescent season (Heddema et al., 2006) . Similar results were noted in the present study, where most samples positive for C. psittaci (14/21 in domestic pigeons and 3/4 in feral pigeons) were detected during the breeding period (April-August; Table 1 ).
In pigeons, other stressors may include competition flights and bird transport. The Ni_D_200 isolate was acquired immediately after transport from a young carrier pigeon imported from the Netherlands, which clearly indicates that transport is a major stressor and that international trade in pigeons contributes to the spread of infectious diseases.
In pigeons, disease and subclinical shedding of C. psittaci may also be induced by immunosuppressive infections. Pigeon circovirus infections, whose prevalence in Poland has reached 72% in recent years, are among the major immunosuppressive factors (Stenzel et al., 2012; Stenzel and Pestka, 2014) . According to the literature, PiCV infections in pigeons very often lead to superinfections with bacteria or other viruses (Escherichia coli, Klebsiella pneumoniae, pigeon herpes virus; Raue et al., 2005; Stenzel et al., 2012) due to depressed reactivity of the immune system (Todd, 2000; Abadie et al., 2001) . The influence of PiCV infections on the prevalence and shedding of Chlamydia psittaci in pigeons has not been studied to date. This study demonstrated that most pigeons infected with C. psittaci were coinfected with PiCV, which suggests that the 2 pathogens are correlated.
A sequence analysis of OmpA gene fragments supported the classification of C. psittaci strains into genotypes (Geens et al., 2005; Sachse et al., 2008) . In this study, not all samples were successfully amplified or sequenced, which appears to be a common problem in genotyping C. psittaci isolated directly from clinical samples, due to too small DNA concentrations (Heddema et al., 2006; Madani and Peighambari, 2013) . Our results demonstrated that most C. psittaci strains isolated from pigeons in Poland belonged to genotype B and were characterized by high homology among one another and in relation to reference strains ( Figures  1A, B and 2) . Two of the isolates were classified as belonging to genotype E, whereas isolates Ni_D_200, PL_F_22, and PL_F_72 originated from pigeons imported from the Netherlands and from Polish feral pigeons, showing almost 100% homology with reference genotype B and other isolates from Polish domestic pigeons. The above points to limited genetic diversity among C. psittaci strains in pigeons and an absence of correlations between the host (type of pigeon) and bacterial strain/genotype. Our findings are consistent with the results of other studies where the majority of C. psittaci strains isolated from pigeons belonged to genotype B, whereas other genotypes, such as A, C, D, or E, were rarely noted (Heddema et al., 2006; Dickx et al., 2010; Sachse et al., 2012; Dolz et al., 2013) . There are indications that genotype B is less pathogenic than, for example, genotype A, which could explain the absence of clinical symptoms in most infected birds (Tables 1  and 2 ; Vanrompay et al., 1994) .
The results of this study indicate that the prevalence of Chlamydia psittaci in Polish populations of domestic and feral pigeons is low and is possibly correlated with the incidence of PiCV infections. 
